The porphyrias are a group of rare metabolic disorders whose diagnosis depends on identification of specific patterns of porphyrin precursor and porphyrin accumulation in urine, blood, and feces. Diagnostic tests for porphyria are performed by specialized laboratories in many countries. Data regarding the analytical and diagnostic performance of these laboratories are scarce.
The porphyrias, most of which have an inherited basis, are a heterogeneous group of rare metabolic disorders that are caused by abnormal function of the enzymes of heme biosynthesis. They are usually divided into acute and cutaneous porphyrias, according to the type of symptoms (1 ) . In symptomatic patients, the diagnosis depends on identification of specific patterns of porphyrin precursor and porphyrin accumulation in urine, feces, and blood that characterize each enzyme defect (2 ) . As with other inborn errors of metabolism (3 ) , however, the field of porphyrias has not yet fully benefited from the impact of evidence-based medicine, and the quality of diagnostic services is likely to vary. The European Porphyria Network (EPNET) 7 was established, initially as a 3-year project (4 ) funded by the European Commission through its Public Health and Consumer Protection Directorate, with the aim of setting up an effective network of European specialist por-phyria laboratories and diagnostic centers. An EPNET specialist porphyria laboratory/center must be able to distinguish between all types of porphyria, requiring performance of the following analyses: urinary ␦-aminolevulinic acid (ALA), porphobilinogen (PBG) and porphyrins (total/fractionation), fecal porphyrins (total/fractionation including coproporphyrin isomer differentiation), erythrocyte protoporphyrin (total/ fractionation), and plasma fluorescence scanning. In addition, these specialist laboratories must provide interpretation of test results, offer clinical advice, and participate in an external quality assessment scheme (EQAS). In 2008, EPNET set up a clinical case-based EQAS covering preanalytical, analytical, and postanalytical aspects for all porphyria-related biochemical analyses, an area which no other publication or EQAS has previously addressed. The aim of this study was to evaluate the performance of European specialist porphyria laboratories based on results from the EPNET EQAS, with particular focus on each laboratory's selected diagnostic strategies, analytical quality, ability to establish the correct diagnoses, and reporting.
Methods
We distributed 5 sets of QC materials to specialist porphyria laboratories (5 ) at half-year intervals during 2008 -2010 (distributions A-E). Twenty-one laboratories/centers in 15 European countries participated in 4 or more surveys and were included in this study. Each set of samples was obtained from a different patient with an unequivocally established porphyria diagnosis and was accompanied by a relevant case history (Table  1) . Each laboratory received 5 mL urine, 5 g feces, 3 mL plasma, and 3 mL whole blood, sent by express service frozen on ice and light-protected. Samples were delivered within 3 days for distribution A and within 2 days for distributions B-E. Laboratories were asked to freeze the study material upon arrival and then to analyze the samples in their routine procedure for all available porphyria-related biochemical analyses. The participants reported preanalytical, analytical, and postanalytical results as described in Table 2 in a standardized Microsoft Excel worksheet within a given date. On the completion of each survey, the participants received a feedback report comparing their results with anonymous results of the other participants, including recommendations on the use and handling of sample materials, methodology, and units.
To assess metabolite stability during transportation, packed frozen study materials on ice were left at room temperature at the Norwegian Porphyria Centre for 0, 1, 2, and 3 days before being frozen, then thawed and analyzed as described in Aarsand et al. (6 ) . If necessary, reported EQAS results were converted into units given in Table 3 before data analysis. To account for reference interval variation, results were also normalized i.e., expressed as the ratio between the reported result and the laboratories' quoted upper reference limit for each analyte (Table 4) .
General statistical analysis was performed using Microsoft Excel 2003 ® and SPSS ® 17.0 for Windows. Outliers were in general defined as values outside the overall mean Ϯ3 SD, but for calculation of analytical quality performance limits, the method group mean was used. Analytic quality specifications were established using data on biological variation, with desirable analytical quality being calculated as total allowable error (TE a ): 0.25 ϫ ͌(CV I 2 ϩ CV G 2 ) ϩ 1.65 ϫ (0.5 ϫ CV I ) (7 ) , where CV I is the within-subject (intraindividual) and CV G the between-subject biological variation. By use of data from patients with stable acute porphyria (8 ) , TE a was 20% for ALA and 31% for PBG. The within-subject variation corresponding to the 90th percentile was used to calculate the TE a of 50% for urinary total porphyrins, as the variances were not distributed homogeneously (9 ) . With use of these values as a basis, because biological variation data were not available, TE a was arbitrarily set to 50% for fecal and plasma total porphyrins and 30% for erythrocyte protoporphyrin.
The laboratory reports were judged by criteria developed on the basis of the Best Practice Guidelines of the Swiss Society of Medical Genetics (10 ) . The following 14 criteria were awarded 1 point if fulfilled/present: laboratory name, laboratory contact details, date of report, name of referring doctor/ report destination, patient name and date of birth, date of sampling, date of arrival, material tested, analyses performed, quantitative or qualitative results given, units and reference intervals stated, interpretation of results given, advice on further testing given if appropriate, and name/signature of verifying/responsible laboratory personnel.
Results
More than 80% of the QC material sets were delivered within 1 day, with an additional 15% delivered within 2 days. The stability studies showed that systematic differences in metabolite levels between day 1 and 2 were Ͻ5%.
PREANALYTICAL ASPECTS: DIAGNOSTIC STRATEGIES
The number of analyses that the participants would normally have performed based on the clinical case histories ranged from 4 to 8 in A, 2 to 9 in B, 3 to 10 in C, 4 to 11 in D, and 4 to 10 in E, excluding enzyme and DNA analyses (Table 5 ). 
ANALYTICAL ASPECTS
For all distributions, wide variations were seen in the reported results (Table 3 ; also see Supplemental Fig.  1 , which accompanies the online version of this article at http://www.clinchem.org/content/vol57/ issue11). When the reported EQA results were normalized by their corresponding upper reference limits, up to 40-fold variations were still apparent (Table 4 ). In a The number of results available for calculations varied from 17 to 21, except for fecal porphyrin and erythrocyte protoporphyrin fractions and plasma porphyrins (n ϭ 10 -16). b One outlier was excluded before calculations. All fractions in the same specimen were excluded if 1 fraction was defined as an outlier. c Only diagnostically most relevant porphyrin fractions are given, as percentage of total urinary and fecal porphyrins (see Table 2 ). Dicarboxylated porphyrins consisted of the sum of deutero-, meso-, and protoporphyrin. d All fractions excluded for 3 laboratories owing to outliers. the 3 patients with an acute porphyria, all laboratories reported increased excretion of PBG for distribution A, but 2 and 5 laboratories failed to detect the borderline (2-and 4-fold) increases in distributions D and E, respectively. All laboratories submitting results for erythrocyte protoporphyrin fractions found predominantly free protoporphyrin in the erythropoietic protoporphyria (EPP) patient. In the patient with porphyria cutanea tarda (PCT), a typical urinary uroporphyrin/ heptaporphyrin ratio (range 2.1-4. Assessment of analytical performance in relation to quality specifications showed that most laboratories met the desirable target for urinary total porphyrins (see online Supplemental Table 1 ). The percentage of laboratories achieving desirable analytical quality on average for all distributions was, for ALA, 76%; for PBG, 57%; for fecal porphyrins, 63%; for erythrocyte protoporphyrin, 53%; and for plasma porphyrins, 43%. Overall, desirable analytical quality was achieved for 65% of all results.
Most laboratories used the ALA/PBG Column Test (Bio-Rad Laboratories) for ALA and PBG analysis, HPLC or spectrophotometric methods for estimation of porphyrins, and HPLC for fractionation of urinary and fecal porphyrins. During the study period, some laboratories changed to more standardized methods, set up additional porphyria-related analyses, and replaced 24-h urine collections with first morning voids as sample material for urine analyses. Methodological differences were seen for PBG and fecal total porphyrins in distributions A and C and urinary total porphyrins in B when assessed between method groups with Ն5 participating laboratories. 
POSTANALYTICAL ASPECTS: CLINICAL INTERPRETATION AND REPORTING
For the first 3 distributions, all the specialist porphyria laboratories reported the correct diagnoses: acute intermittent porphyria (AIP), EPP, and PCT (Table 1) . In distribution D, 20 of 21 laboratories reported the correct diagnosis of variegate porphyria (VP), whereas in distribution E, 13 of 21 laboratories reported the confirmed diagnosis of AIP, 2 reported a highly likely/ probable diagnosis of AIP, and 2 a probable diagnosis of an acute porphyria. The remaining 4 laboratories ruled out porphyria as a cause for the patient's symptoms, but 3 included in their evaluation a request for new samples if the patient experienced symptoms compatible with an acute attack. With the exception of 1 laboratory in the first distribution, all would have reported the diagnosis or the exclusion of a diagnosis to the requesting physician/ ward. In addition, irrespective of the type of disease, more than 80% of the laboratories provided an interpretation of the analytical results, and approximately half included clinical advice in their written response. Eighty percent of laboratory reports scored Ն13 points out of a total of 14 (range [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . For the reporting of urinary metabolites, from 6 to 8 different quantitative units were used initially, but about 30% of the participants altered units, primarily to reporting metabolite excretion per mmol creatinine, during the study period. Some changes were also seen in reporting the other analytes, where initially 3-5 different units were used for reporting.
Discussion
Establishing a porphyria diagnosis requires the analysis of porphyrin precursors and porphyrins in appropriate samples. Moreover, information on type of symptoms and whether the samples were obtained in an active disease phase or not is necessary for choosing the correct diagnostic strategy and the adequate interpretation of results. The knowledge of porphyria diagnostics among clinicians and the availability of specialized porphyria analyses in general laboratories is limited. Thus, in many countries, laboratories and centers specializing in porphyrias have developed. As our study shows, however, there are variations with regard to diagnostic strategies, analytical quality, clinical interpretation, and reporting, even between these specialized laboratories and diagnostic centers.
PREANALYTICAL ASPECTS: DIAGNOSTIC STRATEGIES
Evaluating the laboratories' selection of analytes based on the clinical case histories showed that diverse diagnostic strategies were applied (Table 5) . However, all laboratories would have analyzed PBG, the key diagnostic analysis in patients where acute porphyria is suspected (11 ) , and all but 1 would have analyzed ALA in the 3 acute porphyria patients (distributions A, D, and E). For the diagnosis of AIP, VP, and hereditary coproporphyria (HCP), the 3 most common acute porphyrias, analysis of ALA is not strictly necessary, but the majority of laboratories used the Bio-Rad ALA/PBG Column Test in which ALA and PBG can be analyzed consecutively. In addition, ALA is required for the diagnosis of the extremely rare ALA-dehydratase deficiency that also can present with acute symptoms (12 ) . In AIP, HCP, and VP, patients in acute attacks invariably present with increased ALA and PBG. The increased excretion normally persists in AIP (13 ) , but in VP and HCP it may quickly normalize with the subsidence of acute symptoms (1, 14, 15 ) . The urine samples in the 2 last distributions (D and E) were not collected during an acute attack (Table 1) . Laboratories not performing specific diagnostic tests, such as plasma fluorescence scanning (16 ) and fecal coproporphyrin isomer III:I (CIII:I) ratio (17 ) in these situations, are likely to miss or misdiagnose the type of acute porphyria. The combination of urinary PBG taken in relation to acute symptoms, plasma fluorescence scanning, and fecal CIII:I ratio is thus required to diagnose or exclude AIP, VP, and HCP (11, 12 ) . Initially, only 8 laboratories would have performed this set of analyses. This figure increased to 16 laboratories during the study period, reflecting the implementation of improved diagnostic strategies. About a fourth of the participants would have analyzed erythrocyte protoporphyrin in the acute patients, which is of little value unless ALAdehydratase deficiency or lead intoxication is suspected (18 ) . The patient in distribution B was a 5-year-old boy who cried when outdoors but had no reported visible skin lesions. In this case, 40% of the laboratories would have analyzed urinary ALA and PBG, which have no diagnostic relevance. Most laboratories would, however, have performed analysis of erythrocyte free protoporphyrin, on which the diagnosis of EPP depends (18 ) . In addition, fecal protoporphyrin and urinary coproporphyrin isomers may be of value in EPP when assessing liver function and risk of liver complications over time (19 ) . In distribution C, a patient with erosions and skin fragility was described; thus PCT, VP, and HCP must all be considered, even if HCP rarely presents with cutaneous symptoms alone (20 ) . About 70% of laboratories would have analyzed ALA and PBG, even when the combination of plasma fluorescence scanning and urinary and fecal porphyrin fractionation would be adequate initially (18 of 21 laboratories), and a normal plasma fluorescence scan would exclude all cutaneous porphyrias in a patient with active skin lesions (18 ) . However, a clinically targeted cost-efficient diagnostic strategy may also carry a risk of missed diagnoses, as it depends on accurate clinical information supplied together with samples.
ANALYTICAL ASPECTS
The patients included in our EQA scheme had increased levels of the porphyrins and porphyrin precursors relevant to their diagnoses (Table 1 ). All participants reported increased levels of relevant markers in the first 3 distributions, where levels were substantially increased, but with wide ranges for both reported (Table 3) and normalized (Table 4) results. In distributions D and E with lower metabolite concentrations, however, some laboratories reported results within reference intervals. In a study on EQAS of 6 lysosomal enzymes, the mean interlaboratory CV decreased from 49% to 26% after normalization by the upper reference limit (21 ) , whereas such normalization did not reduce the interlaboratory CV in our study. Thus, different reference limits cannot explain the large analytical variations, nor can the use of different methods, even if methodological differences were seen for some analytes in the first distributions. Although the stability studies showed that only minor alterations occurred (discounting transportation as a factor in poor performance), inadequate sample handling at recipient laboratories cannot be ruled out. In general, analytes measured as absolute concentrations (ALA, PBG, urinary/fecal/erythrocyte/plasma porphyrins) displayed the greatest variation. Considering the ranges and variations seen for these analytes, it is thus likely that some laboratories report false negative and/or false positive results that could lead to misdiagnosis. For the fractionations, the results were quite consistent, as the high CVs for some of the porphyrins reflect low concentrations. It is of importance, however, that some laboratories would have performed fractionation only if the concentrations of porphyrins in the relevant specimen exceeded a preset cutoff level. Thus, both an accurate calculation of the total porphyrin concentration and an adequate cutoff level for fractionation are necessary to catch a porphyria diagnosis that is dependent on the fractionation results. Positive and negative results were quite evenly distributed between the 3 qualitative/ semiquantitative PBG methods used, illustrating the well-known limitation of these screening tests, particularly in patients with borderline PBG concentrations as seen in distributions D and E.
Analytical performance in relation to quality specifications based on biological variation varied considerably between laboratories (see online Supplemental Table 1) , with 3 laboratories meeting the desirable target for Ͻ50% of their results. For PBG, a key diagnostic analysis, 7 laboratories reported fewer than half of their results within given quality specifications, as was also reflected in the reduced diagnostic performance in distribution E. If applying more or less stringent analytical quality specifications (7 ), about 40% and 80% of all results attained "optimal" and "minimal" performance, respectively. In an EQA program of quantitative determination of amino acids, Fowler et al. (22 ) found that 10 amino acids were analyzed with good interlaboratory precision (CV Ͻ10%), 11 with intermediate (CV 10%-22%), and 8 with poor (CV Ͼ22%). In our EQAS, assays for all 6 constituents reported in absolute concentrations, except for ALA in 3 distributions, demonstrated poor performance according to these criteria, with a mean interlaboratory CV of 50%.
Certain biochemical findings are characteristic for the different porphyrias, such as the increase of fecal isocoproporphyrin, a specific marker for PCT (23 ) . All laboratories reported increased isocoproporphyrin levels (range 13%-49%) (Table 3) in the PCT patient, but most laboratories also reported increased, but significantly lower, levels in distributions A and D (ranges 1%-7% and 0.1%-8%, respectively). A plasma fluorescence emission maximum of 624 -628 nm is considered diagnostic for VP, and the cut-point of 623 nm can be used to distinguish VP from AIP and HCP (11, 16 ) . Some reported plasma fluorescence peaks in distribution D were outside this range, but were still given as consistent with VP. In the EPP patient, 3 laboratories reported peaks at 626 -629 nm, indicating that unless clinical information was present and adequate diagnostic strategies were applied, misdiagnosis would be possible. The diagnosis of HCP is made on the demonstration of increased fecal CIII:I ratio after excluding VP by determination of the fluorescence emission wavelength (11, 17 ) . The performance of the CIII:I ratio is an important indicator of laboratory expertise in porphyria diagnostic testing, and a specific criterion for designation by EPNET as a specialist porphyria laboratory. Reassuringly, the CIII:I ratio was reported as Ͻ1.5 by all participants in the 4 non-VP patients, and as moderately increased consistent with the diagnosis of VP (11 ) by all but 1 laboratory in distribution D. In distribution E, most laboratories used the level of PBGD activity as part of their diagnostic evaluation, and 1 laboratory diagnosed AIP based on the finding of low PBGD activity despite reporting a urinary PBG result within the reference interval in this patient. PBGD activity has, however, been shown to differentiate between patients with AIP and their healthy relatives with a likelihood ratio of 3.6 (13 ).
POSTANALYTICAL ASPECTS: CLINICAL INTERPRETATION AND

REPORTING
Based on the results of all porphyria-related analyses available in their laboratories, the participants reported the correct diagnosis in the distributions where the levels of diagnostic markers were high (A-C). In the dis-tribution E AIP sample, where the concentration of PBG was lower, 5 laboratories reported PBG values within reference intervals, and 4 thus missed the diagnosis. One laboratory misdiagnosed the VP patient in distribution D as HCP based on inadequate diagnostics and interpretation. Our results show that patient cases with borderline analyte levels pose a particular challenge, underlining the importance of EQA schemes that circulate cases having a wide variety of analyte concentrations. Laboratories applying inadequate diagnostic strategies are especially at risk for reduced diagnostic performance. However, overall clinical interpretation of the obtained analytical results was good.
Specialist laboratories reported the diagnosis along with the laboratory results to the requesting physician/ward, and a large percentage included both a detailed interpretation and clinical advice. In general, interpretative comments were adequate, but considerable diversity was seen. The request for new samples if the patient experienced acute symptoms, as given by 3 of the 4 laboratories that excluded an acute porphyria in distribution E, underlines the importance of relevant clinical information for adequate commenting of results. Most of the laboratory reports obtained a high score, with a few laboratories consistently obtaining the lowest scores. The most frequently missing information items were date of sampling, date of arrival, and name of referring doctor/report destination, but it is possible that such information was less diligently entered in the laboratory information system because the samples were not from an actual patient.
Conclusions
EQAS participation is essential for providing quality laboratory diagnostic services and is required for laboratory accreditation. Only a few reports on EQA in porphyria-related analyses have been published (24 -26 ) . In general, these report large variations, with CVs ranging from 6% to Ͼ200% for the small number of analytes performed in nonspecialist laboratories that were included in these schemes. There are no publications on EQA programs that address diagnostic strategies, the full spectrum of analyses relevant for porphyria diagnostics, or the ability of the laboratories to make a correct diagnosis. Standards such as the ISO 15189 (27 ) require that EQA programs check the entire examination process including pre-and postexamination procedures. For rare diseases with complex diagnostic testing such as porphyrias, ensuring an acceptable quality not only of the analytical components, but also of the diagnostic and clinical services offered, is essential. Schemes that assess these aspects exist for some other types of rare diseases (22, 28, 29 ) . Our study shows that there are variations with regard to both analytical and diagnostic performance among specialist porphyria laboratories to an extent that undoubtedly can affect the quality of patient care. It is thus encouraging to see that regular participation in EQA schemes for rare diseases enhances performance (22, 28 ) , and in our study clear improvements with regard to both standardized use of units and diagnostic strategies are already seen. The EPNET EQA scheme for porphyria will therefore continue and expand, with focus on optimization of sample preparation and handling, diagnostic strategies, methodology, analytical performance, and clinical interpretation. The scheme has been widely accepted, as indicated by an increasing number of participating specialist laboratories-at present 30 -worldwide. Future plans also include standardization of methods and the development of evidence-based diagnostic strategies and criteria through international collaboration. Ensuring high analytical and diagnostic quality is essential to provide correct diagnostics and optimal care of porphyria patients.
